Abstract-A path planning and control approach of a nonholonomic three-wheeled mobile robot (WMR) for online navigation in road following and roundabout environments is presented in this paper. We proposed a complete navigation algorithm that enables the WMR to autonomously navigate on the road with various scenarios. With such an algorithm, the robot is able to localize itself within the road environment and find a collision free-path starting from a pre-defined start position to a goal point using a novel approach called laser simulator (LS). The path planning and roundabout detection are determined based on LS and sensor fusion of a laser range finder, camera, and odometry measurements. The sensor fusion algorithm is used to remove noises and uncertainties from sensors' data and provide optimum measurements for path planning. A robot motion control scheme is used for the purpose of controlling the kinematic parameters of WMR using a resolved acceleration control coupled with an active force control for rejecting the disturbances. Experimental results show the capability of the proposed algorithms to robustly drive the robot on the road following and roundabout environments.
I. INTRODUCTION
T HE self-driving or autonomous vehicle navigation in urban setting is still a challenging subject matter that grabs attention of researchers worldwide. This is mainly attributed to a number of uncertainties and disturbances that prevail during road navigating. The mobile robot is not only seen as a transportation medium on the road or some irregular terrains but it may also be utilized for performing other services such as road cleaning, grass cutting, shrub trimming painting and demarking.
A complete navigation algorithm that can deal with all adverse conditions on the road environments has yet to be completely designed and developed [1] - [3] . One of the important cases in An open space area is said to typically exist when the road is considered relatively wide and the sensors of robot might not be able to detect the borders of the road due to the limitation of sensors' field of view. Although the road environment can still be partially detected, the generation of continuous path is the main challenge due to insufficient information from the sensors. Three challenges may exist during navigation in such an area: firstly, the capability to detect the printed marks, particularly if there are some changes in the weather; secondly, the ability to discover and analyze the light traffic signals and thirdly, the detection of the road intersections that are related to roundabout, T, Y and cross junctions when the printed marks are missed by using natural landmarks such as borders or edges. Many researches in mobile robot navigation on the road described the general road features such as road boundary and border detection [2] , [4] , [5] , road edge [6] - [8] , lane detection [9] , road landmarks during the day [10] - [12] and at night [13] . Some considered building and implementing the models for specific road conditions such as road crossing [14] , [15] , rough terrain and slippage [16] , unpaved and rugged roads [17] - [19] , road direction finding [20] , detecting of objects azmith based mapping [21] and detecting vegetation around the road [22] . Other works highlighted long distance navigation systems such as road following [23] - [26] , lane detection and tracking of lane-boundary marking [27] , [28] and road path planning regions [29] - [31] . Besides, a number of researchers studied various navigation models (based on WMRs) that are designed to drive them in unstructured roads with the capability to interact with human and environment [32] , road matching [33] and 3D map building [34] - [37] .
The open space areas of the roads during navigation have been mainly proposed to include branch and unbranched roads [2] , [30] , road junctions and intersections [31] , [38] - [42] . It is observed that there are limited studies on mobile robot navigation in open space area of the roads like roundabout, cross, Y and T intersections. The change of road width for a span of distance along the road is also regarded as an open space area [35] . However, the open space area in a road roundabout setting has yet to be investigated. For these navigation systems, the detection methods in open space largely depend on the printed lighting marks, traffic light signals or off-line navigation with a global positioning system (GPS). It is a usual practice that the lighting features are not detectable with the change of weather and the off-line navigation is typically inaccurate and unsafe in such case. On the other hand, natural landmarks seem to be more useful and relevant features for navigation in such an area. Thus, some works have been done to develop the mobile robot navigation models based on natural landmarks as presented in [2] , [31] , [40] , [42] . The techniques for extracting the road features vary from one method to another.
The existing road navigation systems based on feature extraction of the road environments can be classified into two main systems as follows:
A. Vision Based Navigation Systems
The camera is a powerful sensor for capturing robot scenes and building local maps for environments [23] , [38] - [40] .
A navigation system for driving an autonomous vehicle in an unpaved road has been developed by Narayan et al. with the capability to distinguish the differences between the road and non-road surfaces [23] . This differentiation was accomplished by active vision control system which involves the utilization of a dynamic recurrent neural network and genetic algorithm. The resulting path is not accurate enough and shows a zigzag trajectory throughout the road path. A visual navigation system is used for driving the mobile robot in the road environments using a combination of finite state machine (FSM) and artificial neural network (ANN) [38] . In this method, ANN is used for classifying the images followed by an FSM algorithm to define the right action needed by the robot. In another work, since the camera is the powerful tool for road detection, a video streaming based road detection has been used for extracting the road boundary features and finding the best fitting model [39] . A structural support vector machine algorithm has been used to determine the road's boundary and non-boundary areas employing a certain procedure for reliable detection of the road boundary and recognition of the non-road boundary areas. It is noticed that this algorithm could not detect the road borders in certain areas. Similarly, but considering an un-structured road, a camera based road detection for driving an autonomous vehicle with several challenging scenarios has been developed by Yuana et al. [40] . A new algorithm based on vanishing points and segmentation is proposed to estimate the road regions and reduce the time required for road extraction. The road detection is not accurate and effective in some road regions.
B. Sensor Fusion Based Navigation Systems
Majority of recent published works in the road navigation systems use sensor fusion to detect and build the map of the road environments.
A Maximum-A-Posteriori (MAP) probability estimator for Extended Kalman Filter (EKF) was used to estimate the pose of the vehicle at the inner-city intersections using vision system and odometry [1] . Another type of Kalman filters so called particle filter is used for on-line modelling of the road boundary to detect the winding, unbranched and branched regions of the roads using a fusion of LRF, cameras and odometry [2] . Donghoon et al. (2009) applied a fusion of two localization systems to determine the robot's current position within its environment; the first one uses a camera vision system with particle filter while the second uses two GPS with Kalman filter (KF) [29] . In another work, a combination of digital GPS and odometry with enhanced KF (EKF) was utilized to localize the mobile robot within a curbed road environment [41] . Georgiev and Allen proposed a 3D map of an urban environment with two approaches to localize the robot in its environment; the first is related to the use of data from the off-line sensors fused together with an EKF to track the path while the second is on matching the images of urban buildings taken by camera with the environmental model [42] . A multi-sensor based following model to keep a reasonable distance between the follower and leader cars has been developed by Zhao et al. [43] . It uses a virtual piecewise spline tow-bar to determine the distance continuously and avoid impacting with vehicles. The travelling path can also be recorded using a wireless local area network for indoor applications [44] . A path determination method based on the guidance through the artificial potential field (APF) approach and stochastic researchable set (APF-SR) has been used for static and dynamic obstacles avoidance [45] . The sampling based stochastic method is used to find the collision-free path in static environments and APF is used to avoid the moving obstacle in its path. The proposed method has low computational cost in comparison with other sampling based methods and can generate a flexible path while navigating in crowded environments with 300 obstacles. However, it still needs to explore the whole environment to determine the optimum path which results in higher computational cost.
A navigation system using a Vector Field Histogram (VFH) method and global positioning system (GPS) has been used to enable a self-driving car to reach the destination position with a safe path and obstacle avoidance in real-world environments [46] . It incorporates a VFH as local planner with GPS as a global planner and a proportional-integral-derivative (PID) controller to autonomously navigate in restricted environments. The VFH method has been implemented with two different LIDAR sensors (Light Detection and Ranging) to build a 3D Cartesian coordinate map, which helps to overcome the conventional LIDAR system in terms of accuracy, reliability and efficiency.
The main methods for road mapping based path planning are the visibility based search graph and Voronoi based diagram (such as Voronoi diagram with fast marching, VDFM). In the former, the cost of each line from the start to goal nodes is accordingly calculated and the algorithm selects the optimum trajectory to reach the goal that does not collide with the obstacles. Meanwhile, in the latter approach, the path is comprised of a number of points that are equidistant from the surrounding polygons or obstacles which are connected together to form the Voronoi's edges [47] .
As previously mentioned, a number of research works focused on the road following and road intersections areas, e.g., T, Y and cross junctions by developing the local maps for the environments using suitable range of sensors but only a handful has dealt with a roundabout setting where the road environments and rules are totally different in comparison to the other intersections. The roundabout has a circular area at the center and the moving vehicle must rotate around it to find the exit branch without any reference to traffic light signals, whereas in the cross intersection, the vehicle chooses the exit branch according to the traffic light signals. Most of the existing works for roundabout detection and navigation are based on off-line methods involving the use of maps and GPS systems to choose the appropriate exit of the roundabout when driving in a roundabout environment. In [48] , the vehicle tried to recognize the roundabout using an open-street-map integrated with GPS to show the driver the appropriate maneuvers and directions (left, right, straight, etc.) to undertake. This is an off-line detection system which uses yaw rate profile to estimate the branch of the exit. Rastelli et al. carried out a 3D simulation work with CyberCar to navigate in a roundabout using a well-known map coordinate system [49] . When the car arrives at the entrance of the roundabout, it follows a circular path with a diameter slightly bigger than the roundabout diameter for better maneuvering. A fuzzy logic controller employing distance-curve gain and angular error schemes was used to steer and maintain the car in the circular path while navigating the roundabout. The authors also proposed a trajectory tracking control system for navigation using GPS and Inertial measurement unit (IMU), similar to the other related works done in [50] , [51] . The entrance, center and exit of the roundabout are well-known from the map and GPS, while the path is generated from the entrance to exit using Bezier curves method.
Okusa (2007) produced a roundabout guidance system to inform the driver about the optimum traffic lane navigation in roundabout [52] . It uses the maps and GPS to localize the vehicle in roundabout and autonomous navigation sensors (travel distance sensor and direction sensor) for traffic signals detection and turning in the roundabout. The direction of vehicle and the roundabout outlets were then investigated through the fusion of the GPS and sensors data. Owing to some limitations related to accuracy and safety issues such as inability to clearly recognize a roundabout in some locations using GPS, signal losses in GPS and problems in interpreting the sudden changes in the road environments, it may cause unwarranted harm and damage to pedestrians and road curbs. Thus, it is often necessary to use onboard sensors such as LRF and cameras for real-time detection and decision making in a roundabout environment. This may be deemed to be amongst the pioneering works that advocates the application of on-line detection and navigation in a roundabout setting using LRF, camera and odometry sensors.
It can be said that many works have utilized the sensor fusion technique involving the use of camera, LRF and odometry in road following, T branches and cross intersection. However, such integration of data (from sensors) are not always available in open space areas such as the roundabout, where the road suddenly becomes wide and the sensor will not be able to capture the whole view in front of the robot. This is mainly due to the inability of the sensors to capture the whole range of the perceived environment. Instead, the camera captures only a portion of the front view and the LRF could not completely detect the two curbs of roads. In addition to the complexity in detecting such areas, there are many rules and constrains that must be strictly adhered to during navigation in a roundabout such as turning rules, choosing the appropriate exit, etc. Owing to these rules, restrictions and limitations, the above-mentioned approaches used in the navigation system are no longer suitable for determining the optimum path of mobile robot when navigating on a roundabout environment. Thus it is the main goal of this paper to alleviate the sensors' shortcomings during autonomous navigation in a roundabout setting while at the same time, creating a novel path planning approach that enables the robot to navigate robustly based on the required rules and constraints.
In this paper, a sensor fusion method, employing a LS approach for roundabout detection, is used to localize the robot in a roundabout environment. The LS is a novel approach for search graph based path determination [53] , [54] that will be implemented here in conjunction with the sequences of developed images of the camera's local map to detect the road roundabout when it gradually appears. Unlike the previous algorithms that are used in the analysis of the printed road marks like arrows, continuous and broken lines to define the intersections on the road [1] , [23] , [38] - [42] , the proposed approach greatly depends on the border detection and analysis of the road side and roundabout. The analysis can be done in real-time using the camera, frame by frame, leading to accurate detection of the subject of interest in comparison with the likelihood method that has been used to estimate the road boundary [2] . An onthe-road application with a complete autonomous localization and path determination technique from start to goal positions is presented in contrast with the one described in [41] . The sensor fusion is performed with a KF technique to remove uncertainties and noises from the sensors measurements knowing the fact that there are limitations in the sensors' resolution and accuracy which need further optimization using appropriate localization algorithm. Also, we have developed a robust and integrated control strategy based on combining the kinematics and dynamics of the WMR through the RAC and AFC controllers; the first controller (RAC) is used for tracking the path generated from the localization algorithm and path planning while the second control scheme (AFC) is used for compensating the effect of disturbances. In general, the main contribution of this paper is to propose a novel path planning algorithm, the so called Laser Simulator approach (LS) which can deal effectively with road following and roundabout environment in the presence of rules, constraints and obstacles. Other sub-contributions are summarized as follows: (i) a combination of LS with KF and AFC to perform the tasks of navigation, localization and control of WMR platform (ii) autonomous navigation of WMR using various approaches in a road roundabout setting.
The rest of this paper is organized as follows. The next section describes the path planning method with Laser Simulator and sensor fusion involving odometry, LRF and wifi camera. Section III presents the proposed path control strategy using RAC-AFC scheme. Experimental results and conclusion are described in Sections IV and V, respectively.
II. SENSOR FUSION BASED PATH PLANNING
The robot in this work is supposed to autonomously navigate a curbed road following settings and effectively move around a standard roundabout. It should be able to navigate its way Fig. 1 . Navigation strategy applied to the WMR system. along the path starting from the pre-defined starting point to the goal position using an LS approach for the local map identified by the robot's camera and sensor fusion of LRF and odometry measurements. The start and goal positions are determined using a DGPS system and the robot employs this information to detect the direction of the roundabout exit and find the goal. However, since the robot is navigating through a relatively small area (about 10-30 m radius), it is not useful to use GPS. Instead, the robot is equipped with the roundabout exit direction and goal position information before it actually starts moving. The goal position is determined as the distance that the robot should travel after passing through the roundabout. Fig. 1 shows the strategy that has been used in this paper.
The algorithm used in the autonomous navigation task for determining the path planning and the implementation of control system is illustrated in Fig. 2 .
A direct sensor fusion scheme is used to integrate the sensors processing data, where the measurement signals are first combined before being fed into the Kalman filter. The laser simulator is used to identify the roundabout intersection when the roundabout is actually occurred and later calculate the parameters required for generating the path at the entrance, center and exit regions of the roundabout. The path planning provides a continuous correction of the WMR trajectory that is executed using the control strategy to counter the effects of the disturbances.
A. Sensor Modeling
Three sensors are used to extract the features of road environments based on odometry, wifi camera and LRF, as follows:
-Odometry Two rotary encoders (B106) are used to estimate the position of robot. They are connected to two differential wheels through the dual brush card pins (IFC-BH02). The full rotation of the encoders is 500 pulse/rotation and the linear position can be calculated as follows:
where P cur and P fr are the number of pulses of the current and full rotation, respectively.
-Wifi camera It was used to capture the scenes of the environment located in-front of the robot. It has a resolution of 760×320 and a speed of 30 frame/s. The video sequences are processed using MATLAB via the image and signal processing toolboxes to perform the on-line capturing and processing of the video. There are many color space for object detection such as RGB, Dirichlet mixture model [55] and Multiview depth [56] . We chose to work with RGB model in this project since it gives the same insight as human eyes. An algorithm was developed to accept the images' sequence from the video and then apply multiple operations to get a local map from the image.
Subsequently, it performs further calculation for the roadfollowing and roundabout detection. In general, the image sequence processing algorithm consists of three main parts, namely, the pre-processing and preparation of the image for depth processing, processing of the image to develop the local map of road environment and post processing algorithms applied on the local map for roundabout detection based on an LS approach.
(i) Pre-processing of the image. It is performed to prepare the images' sequence of the live video in a useful way for subsequent depth processing step as shown in Fig. 7 -10(a). The main steps at this stage can be briefly described as follows: -Constructing the video input object -Previewing of the wifi video -Setting the brightness of live video -Starting acquiring frames -Cropping image -Converting from RGB to grayscale: -Removing image acquisition object from memory More details can be found in references [57] , [58] (ii) Processing of the image for local map building. It includes some operations for extracting the road edges and roundabout features from the sequence of images with a capability to remove the noises and perform filtration. The following operations are applied for edge detection and noise filtering:
-Applying 2D Gaussian filter -Employing multi-dimensional image filter -Use of Prewitt filter for edge detection -Implementation of morphological operations: Morphological structuring element: It is used to define the areas that are used in morphological operations. Straight lines with 0 0 and 90 0 are the shapes that are typically used for the images representing the road curbs.
Dilation of image:
In the dilation process, a number of pixels are added to the boundaries of the objects in the image, depending on the size and shape of the structuring element that is used to process the image.
-Use of 2D order-statistic filtering -Removing small objects from binary image -Filling the image regions and holes operation The developed images' sequence after the processing algorithm are shown in Figs. 7-10(b) and were used for LS based roundabout detection.
(iii) Post processing algorithms applied to the local map.
In the post processing algorithm, a novel search graph methodology called laser simulator (LS) approach is introduced to find the WMR path and avoid obstacles in unknown and dynamic environments, while at the same time satisfying multiple constraints. The principle of LS and its implementation in roundabout navigation are explained in details based on:
r LS principle r Implementation of LS for roundabout path planning r Avoiding obstacles using LS The above-mentioned points are described as follows:
r Laser Simulator Principle A new approach has been introduced to search for optimum path in unknown and restricted terrains while at the same time, avoiding obstacles. It emulates the laser range finder when it is used to detect the robot environment boundaries and build polygonal map. With such an approach, it is possible to apply constraints on the robot trajectory while navigating on complex terrains like factories or certain road environments. The main advantage of this approach is the ability to be used for both global/local path planning with the presence of obstacles in (ii) Initial and destination positions, i.e., s(x, y) and g(x, y), respectively are known before starting of path determination. (iii) The LS is imitating an LRF device where it generates a series of points in front of the robot's starting position from the first cell of the map in-front of the current position (to the left and right directions) as vertical or horizontal lines, which have to be always perpendicular to the robot motion trajectory as in Fig. 3 , assuming that the starting robot position is s(x, y). The equations that describe the series of points' generation (as shown in Fig. 3 ) can be written as follows:
For vertical lines:
For horizontal lines:
where y and x are coordinate system of the series of points generated in horizontal and vertical planes in Eqs. 2 and 3, respectively. (x p , y p ) is the coordinate system of candidate points that have been chosen from the series of points, (x c , y c ) is the current position of the robot which is equal to s(x, y) at the beginning of movement, i is the cell count in the grid map from the right to left as in vertical lines or from top to bottom for horizontal lines; f is the deviation between the position of the candidate points and the current position in x and y, which can be selected as desired (here, it is aimed to move robot in the middle of the vertical and horizontal lines). Three main cases can be observed in the collision-free path of the robot as follows. a) Two sides-borders detection: LS sends series of points from 1 st cell of the map in-front of current position to the left and right as vertical and horizontal lines as shown in Fig. 3 . The approach selects one point from these series of points as the proposed candidate for the path as shown in Figs. 3 and 4 (center lines). A particular case occurs when the path moves from a small region to a large region or vice versa as shown in Fig. 4 represented by C. To prevent obtaining a big drift in such a case, the new lines with large in-between distance shall be generated. The start and end points of each generated lines in the left and right sides of the horizontal lines can be written as follows:
where i r and i l are the right and left counts of cells in the map grid, respectively, starting with (x p , y p ) and reaching the map borders. b) One side-border detection: In the case of only one border can be detected by the series of points, the LS approach will generate a series of tangent lines merging to a single point as shown in Fig. 4 (denoted as A), which shows that the tangent lines are generated from one point on the existing border and later rotated about this point (clockwise) through a certain angle until other borders (denoted as A and B) are detected as shown in Fig. 4 . The distances between the proposed candidate points of the tangent lines and existing borders at the points of intersection (x int , y int ) remains constant. The rotational lines are described in Eq. 5:
where (x int , y int ) is the point coordinate system when the LS starts the rotation as shown in Fig. 4 . ε is a slope of the tangent lines based on the vertical ones. Another case was observed when the new tangent line intersects with the other border for quite long distance in comparison with the previous tangent line as shown in Fig. 4 (denoted as B) . In this state, the displacement between the existing border point and the proposed candidate point remains similar to the previous tangent lines. c) No borders are detected: In this case, LS generates a tangential line starting from the current cell till it discovers one or two borders. Eq. 5 is used for generation of such lines. iv) The free-collision path when there are more than one possible ways to arrive at the destination position can be determined using Eq. 6:
Where G(x, y) is a function that describes the position of the destination and CR(x, y) is a function that describes the rules and constraints to be adhered with.
The shortest path between the start to goal positions is always selected in the case of no constraints emerge, as shown in Fig. 4 (denoted as E). The constraints of movement can be generated using artificial intelligence and image processing algorithms. More details of these subject matters can be found in Section 3.
When an obstacle is detected, its border is considered as one edge of the generated lines and LS will generate lines between the obstacle edge and other borders as shown in Fig. 4 (denoted as D) . Eq. 4 is applied to find the path in this case.
A * algorithm has been chosen as a benchmark for LS, since it is well known and commonly used for global path planning. The comparison is performed in a 2D environment map with clear border and noisy environments as shown in Fig. 5 . In addition, the LS is compared with Voronoi diagram with fast marching method (VDFM) which has been proposed recently to find the path of robot in indoor and outdoor applications as shown in Fig. 5 .
It can be said that the computational time-interval (time needed to move from the start to goal positions) of LS is usually smaller than the time required by the A * algorithm and VDFM. The trajectory cost (total travelled distance) of LS and A * algorithm is approximately the same. It is a little bit shorter in A * algorithm in comparison to LS, due to the fact that the A * algorithm only searches for the shortest path and does not follow the rules and constraints in the environment, e.g., it does not track the corridor path to reach rooms as shown in Fig. 5(b) . In addition, the robot terrain is marked as an unknown environment for LS while it is regarded as a predetermined (already known) region for the A * algorithm. According to Fig. 5 , the Voronoi diagram with fast marching (VDFM) has the highest value of the trajectory cost.
r Implementation of LS for Roundabout Path Planning In this paper, LS is used to determine the path and discover if the roundabout exists in the local map of the camera. The detection of the roundabout using LS approach is applied to each image's frame of the video which passes through the following steps:
(i) It determines if the curbs on the left and the right sides of the road exist in the sequence of images using a series of points as lines. If the algorithm detects that both curbs are not present in the image simultaneously, it then proceeds to the next step, otherwise the process is repeated again.
(ii) At the center of the last line that indicates no curbs exist on the left and right sides, a series of points will be generated as lines on the right side from 0 o to 90 o until they intersect with the edges. If the difference between each two successive lines is small and within a certain threshold, their intersection points with the edges will be regarded as an ellipse equation. Some of these points are used to calculate the parameters of the ellipse while others will be used for verification. If the difference is not within the threshold, the process will be repeated. The process of the roundabout detection is described in greater detail as follows:
The following algorithm is applied to find the curbs within the local map of the camera from the image sequences.
-Generation of reference center points in image: The WMR and its camera are located in-between the curbs as shown in Fig. 6 . The current position of camera can be approximately described as the middle (mid) of the bottom horizontal frame of the image sequences. This point is called the first reference center point c(x, y). The reference lines are generated by the following horizontal line equation:
where the value of i is between 1 and the height of the image. The dimensions of these horizontal lines are located within the following limits:
The reference center points for the horizontal lines can then be written as:
-Generation of images for right and left curbs detection:
To detect the curbs, the tangent lines with small angle are generated for each image of the video frame, starting from the reference center points that have been determined in the previous step. The equations that describe these lines can be expressed as follows: For the left side of the reference center points:
(10) For the right side of the reference center points:
where δ determines the angle of slope of the tangent lines. f = 1:
The number of pixels (P) for Eq. 10 is expressed as:
The same also applies to Eq. 11 where the number of pixels can be written as:
Due to the fact that the distance between the curbs is approximately equal (just like in the real world), the algorithm compares the pixels that belong to each of the two sequence tangent lines as follows:
If A L and A r exceed the threshold described in Eq. 14, it implies that the new line does not represent the road curb:
where A L 1 andA r 1 are the pixels of the first tangent line in Eqs. 10 and 11, t has a value which can be assigned up to 10% of the image resolution in x or y direction. Note that for the straight two curbs, the nearest area to the camera has a large width compared to the next adjacent area.
-Detection of the center of the roundabout: The roundabout exists in a camera's local map like an ellipse. As previously mentioned, if the two curbs could not be detected as in previous step, the algorithm of the roundabout detection starts to execute. At the center of the last line that indicates no curbs at the left and right sides as in the previous step, the program will generate a series of points as lines on the right side with the angle ranges from 0 o to 90 o until they intersect with the edges. The intersection points for these lines with the edges are then compared with each other and if the differences between each two successive lines are small (within certain threshold), their intersection points with the edges are considered as an ellipse according to the following expression:
If six points are chosen from the intersection points, four of them can be used to determine the factors, a and b and then calculate x 0 and y 0 while the other two can be used to verify whether the shape is an ellipse or not, based on the following condition:
where comp is preferred to have a value equals to zero, but since it is not possible to reach that accuracy, we chose it to be less than 10 (ad = 10). The LS algorithm for the roundabout detection is applied based on a real road roundabout setting. It has been seen that the algorithm can effectively detect the presence of a roundabout via observing the sequence of images as shown in Figs. 7 to 10. The continuous and discontinuous lines shown in the middle of the third images in Figs. 7(c) to 10(c) illustrate the execution of the LS algorithm. Note that the roundabout will not appear until a discontinuous line as shown in Fig. 10(c) is observed, thereby confirming the detection of the roundabout. The sequence of images during the WMR navigation after the processing operations is shown in Fig. 11 r Avoiding Obstacles using LS LS algorithm is able to determine the path within the road environments that have static or dynamic obstacles. The obstacles occur in the images' sequence as other environment borders either with lines or polygons as shown in Figs. 12-14 and LS will accordingly determine the right path in the environment. Thus, the LS will consider the obstacles as a part of the environment and change its path continuously to avoid impacting with obstacles. Three decisions are made by LS to find the collision-free path:
1) Stop the robot movement as shown in Fig. 12(c) . It is happened once the obstacle is located ahead of the robot and there are no adequate paths in the right or left sides of obstacle. -Laser Range Finder The LRF measurements are used with the encoders to localize the WMR in its environment and build a 2D local map. Two parameters, namely, road fluctuation and road width can describe the curbed road based on these measurements as shown in Fig. 15 . The road fluctuation (height of object with reference to the laser device) is:
The road width representing a measurement of the side distance from the laser device is given by: Fig. 15 which is then slightly increased and decreased by 0.36 o until it reaches 120 o and -120 o , respectively. URG-LRF is used in this work to generate 628 beams in 100 ms. ρ f 0 is the fluctuation of road at β = 0 o (the laser signal, perpendicular to laser device plane), which is used as reference and the other changes in the measurement (ρ f i ) located on the left and right side of this point are being compared. If the deviation between the reference point ρ f 0 and the other measurements ρ f i exceeds the pre-defined threshold h, then this point is considered as the road curb as shown in Fig. 16 and described in Eq. 20. More details can be found in [57] . (20) Similarly as explained in Section II-A, LS is used to generate the path from each scan of LRF measurements by choosing a suitable point among all signals located between the curbs that are calculated by Eq. 17. It is chosen to be approximately in the middle of the curbs as shown in Fig. 16c .
B. Motion Kinematic Model and Propagation of Uncertainty 1) Motion Kinematic Model:
The center of the nonholonomic WMR has some constraints in its movements since the wheels are assumed to roll without slipping on the ground and move only in the normal axis of driving (i.e., no sideways movement). This constraint can be written in the following form:
The WMR is driven by two differential wheels with a castor wheel located at the rear as shown in Fig. 17 .
The right and left wheels' velocities are V r = rθ r m/s and V l = rθ 1 m/s, respectively. Therefore, the linear velocity of WMR is:
The heading angular velocity of WMR is then the difference between the angular velocity of the right and left wheels, which is described in Eq. 23:
The velocity of the robot in a global coordinate system can be described in local coordinate system as: ⎡ ⎢ ⎣ẋ yφ
The current position of the robot is thus given by:
2) Propagation of Uncertainty Using Kalman Filter: KF is a recursive data processing algorithm that can be used for stochastic estimation of the noisy sensor's measurements. The linear discrete time of the state variable that describes the time update step for the KF can be written as [59] :
If the sampling period is small enough and both the linear and angular velocities are assumed to be constant throughout the duration, the position state variable of the non-holonomic WMR within its environments in the presence of the uncertainties in discrete time is:
φ + w φ (27) The KF measurement equation with noise is:
The equation that describes the sensor model in WMR is thus:
where v 1 , v 2 and v 3 are the noise measurements of LRF, odometry and sensor fusion with LS, respectively.
III. PATH CONTROL USING RAC-AFC STRATEGY
The path of WMR is controlled using resolved acceleration control and active force control (RAC-AFC) strategy. The RAC is commonly used for kinematic parameters control [60] while AFC is useful for dynamic control and disturbance rejection [61] - [63] . Since it is required to have a control system with a high accuracy that maintains the tracking errors approaching zero datum during the roundabout navigation, we have decided to use a mix of RAC and AFC controllers. Thus, two feedback loops are used in the control scheme comprising the external and internal loops as depicted in Fig. 18 . The external loop is employed to control the kinematics of WMR by the RAC, while the internal loop controls the dynamics via the AFC controller.
A. RAC-AFC Controller Design
RAC controller is used for WMR kinematics manipulation which attempts to minimize the position and orientation errors by applying suitable kinematic parameters (position, velocity and acceleration) to the system. The related equation describing this controller is as follows:
where subscripts ref and act refer to the input and output parts, respectively, K d and K p are the differential and proportional gains, respectively. As depicted in Fig. 18 and Eq. 30, RAC compares the computed actual angular acceleration, velocity and position signals with the reference values and presents the result as the reference signal for the AFC controller after performing the coordinate transformation.
In the AFC controller, the torque applied to the driving wheels of the WMR is measured continously while it is applied for driving the WMR. By getting the angular speed measurement from the encoder and taking into consideration the gear ratio, the equation that calculates the applied torque produced by the DC motor is:
where Kn is the motor's torque constat which is calculated from motor data sheet, μ is the gear transmission ratio, n is the motor rotations per minutes. The accelerometer is used to obtain the angular acceleration of the wheel and later, this signal is mathematically integrated with the estimated inertia matrix (IN) to compute the required estimated disturbance torque as follows: Fig. 19 . DKM motor characteristic [64] .
where Tq is the applied torque of DC motor, INθ is the actual torque of DC motor. A number of methods can be used for estimating IN such as through crude approximation [60] and artificial intelligence (AI) techniques like applying the neural network and iterative learning [61] , knowledge based [62] and fuzzy logic [63] algorithms. When one of these techniques is applied, the AFC-based controller can effectively and robustly reject the disturbances. The torque of the DKM-DC motor used in this project has a linear function with angular speed as characterized in Fig. 19 . K n = 0.00108 Nm/rpm is the torque constant derived from the motor characteristic graph of Fig. 16 . μ = 1:30 is the gearbox ratio taken from the catalogue [64] . The speed measured by the encoder can be computed from Eq. 33:
The acceleration can be calculated as a second derivative of the position between two successive measurements as illustrated in Eq. 34:
Another method for measuring the acceleration is through a direct use of an accelerometer.
The WMR dynamics and inertia matrix should be derived prior to designing the AFC controller. The Lagrange equation is used to derive the dynamics model of the WMR as depicted in Eq. 35:
After some mathematical manipulations, the final dynamic model of the WMR can be written as shown in Eq. 36:
where:
Estimation of the Inertia Matrix using Fuzzy Logic
The estimation of the inertia matrix is necessary to compute the actual torque of the WMR from the disturbance torque obtained using Eq. 32. The actual torque is applied on the wheels of robot and since the differentially driven wheels are used, the actual torque and inertia matrix in both right and left wheels need to be calculated. The inertia matrix model from the dynamic equation, i.e., M(q) in Eq. 37(a) is typically used as a basis to approximate the estimated inertia matrix, IN (for both left and right wheels) for the AFC loop. Practically, it was found that this value can be selected in the following range [51] :
As previously mentioned, there are many methods that can be used to compute IN. A value of IN for the WMR prior to starting the movement is around 0.36 kg.m 2 and it should be increased or decreased accordingly based on the range described in Eq. 38. It is useful to implement AI technique such as fuzzy logic (FL) to compute IN when there is a specific range located between maximum and minimum values using the triangular membership functions [51] . From Eq. 37(a), one can see that ϕ is the only variable that changes its value in M(q) which is instrumental for the inertia matrix estimation. Thus, ϕ is chosen as the input set of the FL system while IN for the right and left wheels of WMR are set as the output sets. The FL system will then estimate IN necessary for computing of the actual torque of AFC controller for a given set of input. The estimated IN is then multiplied with the measured accelerations in the left and right wheels to calculate the actual torques on the WMR wheels. After many trials with arbitrary values chosen for the heading angle ϕ and inertia matrix IN, suitable membership functions and fuzzy sets have been developed for the inputs and outputs (I/Os) of the FL system as will be explained in the fuzzification phase.
FL approach is used to compute IN for the AFC loop using the following steps:
- -Rule Interface: It is used to define the relationship between the crisp input and output through If-then statements. In this work, the fuzzy inference system is based on a Mamdani type:
If (phi is M) then (INR is MR) and (INL is ML) 2. If (phi is VL) then (INR is VSR) and (INL is VLL) 3. If (phi is L) then (INR is SR) and (INL is LL) 4. If (phi is H) then (INR is LR)and (INL is SL) 5. If (phi is VH) then (INR is VLR) and (INL is VSL) -Defuzzification:
All fuzzy outputs are aggregated using a centroid method and then the fuzzy output is transferred into a scalar output. The strength of the RAC-AFC controller is its capability for rejecting disturbances and keeping the tracking errors small enough throughout the WMR motion.The main shortcoming of RAC-AFC is the need to estimate the robot wheels inertia throuigh AI approximation.
The changes of INR and INL rules with angle ϕ (phi) are illustrated in Fig. 21 . This is due to the fact that the inertia matrix could not be measured directly in a straightforward manner but rather needs to be estimated appropriately based on Eq. 38 or some intelligent means. In addition, the second derivative computation of the encoders measurement to calculate the acceleration is prone to some undesirable noises that are comparable to those produced by a physical accelerometer if it was to be used instead.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental setup, calculation of robot heading angle, results and comparison will be described in this section.
A. Experimental Setup
A new mobile robot platform has been developed in this project as shown in Fig. 22 . It consists of three main units: differential drive, measurements and vision, and processing units. An on-board computer is used as a host controller, where it is connected directly to the LRF and WiFi camera. The DC motors and encoders are employed via dual brushless cards (IFC-BL02) with motor driver card (MDS40A) and brush cards (IFC-BH02), respectively, through the computer interface card (IFC-CI00) to on-board PC. The platform is set to move at a relatively low speed, typically in the range of [0.2, 1.5] m/s. This range is in fact applicable to vehicles that are normally used for road service applications such as road painting, side road grass cutting and cleaning. This WMR platform has been used successfully for autonomous road marks painting [65] . The algorithms derived in Sections III and IV are used to localize and control the WMR in road roundabout environments. A COM server communication is utilized to transmit and receive the data on-line through programming using Visual C# as client and MATLAB platform as server. The KF algorithm is computed in MATLAB via the script m file where the signal and image processing sections are numerically processed. The Simulink program is then linked to the m file for calculating the AFC parameters. Fig. 23 shows the link between MATLAB (as server) and C# (as client) using the COM automation server with connection to the sensors and actuators. All hardware and software algorithms are embedded into the WMR prototype.
The COM automation server updates the exchange of data between MATLAB and C# every 10 ms.
B. Heading Angle Calculation in the Road Following and Roundabout
As described in Section II, LS is used with camera images and LRF signals to detect the roundabout from the post-processing camera's images and find the path on the road from both LRF and camera. For road following area, the LS is used with LRF measurements to drive the robot onto the middle of the road. Thus, the heading angle is required (instantly calculated) for continuous navigation in this area. Fig. 24 shows the calculation of the heading angle from LRF measurements and LS which is calculated using Eqs. [39] [40] [41] [42] [43] [44] .
If the robot is located at start position (x 1 , y 1 ) as shown in Fig. 24 , LS will calculate the planned position x 2 as the middle location of the LRF signal between the curbs as illustrated in Eq. 20. y 2 is calculated from the encoder's measurements as expressed in Eq. 41 .
hl 1 and hl 2 are the distances in x direction from the current position of WMR to the road curbs.
The two differential drive wheels should be rotated with an angular velocity according to: 
where b is the distance between the wheels as shown in Fig. 17 . LD is the distance that the WMR should shift to the planned position from the LRF measurement as shown in Fig. 24 . T is the sampling time of LRF, ϕ 0 is the heading angle at current position and set as 0, and ϕ m ax is the heading angle to reach new position.
Ra is a ratio of LS that determines the location where the robot is planned to move. If Ra = 0.5, then the robot will move in the middle of the curbed road. ϕ max in Eq. 40 can be calculated as follows:
The rotated distance for the heading angle is given by:
The wheel velocities can then be calculated if the angular heading angle is known and the velocity of one wheel is fixed while the other changes according to:
In the roundabout center, LS is used to detect whether there is a roundabout in front of WMR or not using Eqs. 7-17. Once the roundabout center is detected, LS is used to generate the path in the roundabout in the same way as explained in Section II-A-2. The heading angle of the robot in this area is calculated using Eqs. 39-44 until it reaches the appropriate exit. 
C. Results and Discussion
This work is deemed as the first autonomous WMR system that is implemented in a roundabout setting unlike others that can be found in the literature. Two different roundabout environments, i.e., indoor and outdoor settings have been used to test the proposed navigation algorithm.
1) Indoor Environment: Firstly, the WMR is implemented in a laboratory environment as shown in Fig. 25 .
The indoor road roundabout and curbs were built similar to the outdoor overall dimension (approximately 10 m length and 6 m width) but with limited space area. The intensity of light is non-homogenous and has a negative effect on the camera's view, which can be solved by increasing the specific parameter values of filters as described in Section III (A). Since the indoor environment is considered to be smooth and clear in comparison with the outdoor terrain, some features have been easily detected by LRF and odometry device. A series of four trials were experimented for the autonomous navigation of WMR with direct path execution in a roundabout environment designed to move from start to goal positions considering 90 o , 180 o , 270 o and 360 o rotation as depicted in Fig. 26 . The road curbs were detected by LRF at 100 ms sampling time (illustrated as a series of 'o' in black as shown in Fig. 26 ) and LS was used to choose the middle position for each scan of LRF measurements (illustrated as a series of ' * ' in blue as depicted in Fig. 26 ). Since LRF is moving with WMR and is simultaneously used to identify (measure) the static roads curb, a slight shift to the right has been observed at the exit as shown in Fig. 26(c) . This is because the WMR exits from the roundabout in a non-symmetric manner as when it enters the roundabout. Another reason is attributed to the accuracy of LRF which is around 3% of the measured distance (if the distance is more than 1000 mm) and the WMR velocity which is not controlled in this trial. In general, the main interest is on the path presentation rather than to show the road curbs. It is also observed that there are some noises in measurement caused by non-detection of the curbs on left or right sides as illustrated in Figs. 26(b) , (c) and (d) which are not selected by LS since they are located quite far from the middle. It is visibly noticed that LS sometimes repeats the calculation again so that we can see two blue points on the same horizontal level (see Figs. 26 (c) and (d)). From Fig. 26 , it can be seen that the generated paths seemingly look smooth and conform to the circular shape at the roundabout area, implying that KF is not needed for noise elimination at this juncture. The roundabout environment identified by the camera and video processing is almost similar for all trials and hence, only a single trial is presented here for the purpose of analysis with particular reference to the 360 o rotation which is regarded more complex and complete.
2) Outdoor Environment: The second environment used for testing the WMR navigation system is a roundabout environment located outdoor. In such an environment, the light is homogenous and does not affect the camera. However, the LRF and odometry measurements became noisy due to the roughness of the environment and effect of sunray on the laser reflection. In this environment, the WMR prototype was tested to operate a complete 360 o rotation around the roundabout. The signal measurements via odometry device, camera and LRF were used to estimate the position and orientation of the WMR in the road following and roundabout environments as shown in Figs. 27 and 28. Two trials have been implemented in the outdoor environments. In the first trial, the sensor fusion data employed LS without control system and KF, has been directly implemented to generate the WMR path as shown in Fig. 27 .
It is found that the part of the roundabout at the entrance and exit areas could not be detected because it exceeds the maximum LRF range of about 5 m and hence not sufficient to measure such an open space area but the path is however determined considering the application of a mixed data of the camera and LRF for this region using LS. The curbs for the road following section have been recognized as shown in Fig. 27 , where the entrance to the roundabout is located on the left hand side while the exit is located on the right.
The localization path of the robot looks smooth in the road following and roundabout regions. However, there is a bit of a drift (deviation) in the localization path near the entrance and exit of the roundabout due to the increasing of robot's velocity which could not be controlled since it is merely a path planning methodology and no control scheme is employed at this point in time. Other reasons are similar to those previously discussed (with reference to Fig. 26 ) that are related to the LRF inaccuracy and sensitivity while measuring the static objects (curbs and roundabout center) as well as non-symmetric entry and exit features in the roundabout.
The main difference between the image processing algorithms for indoor and outdoor settings is the filtration process. The filtration process involves many operations such as edge detection, image dilation, 2-D order-statistic filtering, area opening and image's hole filling. All processes are quite similar for both outdoor and indoor except that the area opening used to connect the objects has relatively fewer pixels than a given threshold in outdoor. The thresholds were set up to 1300 and 2800 pixels for outdoor and indoor conditions, respectively. This is related to homogenous lighting and floor reflexing in outdoor and indoor environments. In outdoor application, it seems to reflect better operating conditions considering its ability to distinguish the road borders and other objects.
In the second trial, a complete navigation system involving sensor fusion, localization, path planning and control is presented as illustrated in Fig. 28 . In this method, the sensors' measurements that include some unexpected noises and errors were effectively removed using KF and RAC-AFC controller. Figs. 28(b) and (c) show the effect of applying KF with AFC controller to improve the WMR path tracking in comparison with the path planning calculated only through the signal measurements of path. A slight drift between the KF with AFC controller based navigation and LS based navigation systems was observed after 6 m from the start due to the cumulative errors produced by the odometry device and LRF (having low accuracy with a relatively large error range between 10-30 mm). The roundabout and road curbs were effectively detected using this method and the localization path has a relatively small tracking errors, in the region of 10 -5 m as shown in Fig. 29 , largely due to the sampling time needed for calculating each step. Fig. 29 also shows the tracking errors trend for the RAC-AFC controller, in which the tracking errors in the x direction, i.e., Xerror for RAC-AFC has a maximum error of about 7×10
-5 m as depicted in Fig. 29(a) . 
The proportional and derivative gains for the RAC scheme are obtained by a heuristic trial-and-error method. Then the AFC loop is added in cascade form with the RAC part to enhance the performance by rejecting the disturbances. The sampling time is calculated based on the largest sampling rate for each sensor (100 ms/scan for LRF, 500 pulse/s in encoder, 60 frame/s in camera) plus the time needed to perform the calculation in MATLAB and C# programming environments. The assigned sampling time in the complete navigation trial is set up to 268 ms where 100 ms is the highest sampling rate allocated for the sensing process and 168 ms is the required time for the rest to include the image and signal processing, Kalman filtering and AFC control system which produces a non-smooth path as shown in Fig. 28 . However, the sampling rate for the direct path execution is about 120 ms with 100 ms for sensing process and 20 ms for image and signal processing which produces a relatively smooth path as shown in Figs. 26 and 27 . Comparatively, we can find that image and signal processing consumes 20 ms and the rest is dedicated for Kalman filtering and control processes. In complete WMR navigation, KF and RAC-AFC schemes consumed extra additional time to track the path generated by LS. The former involves sensor fusion, Kalman filter and AFC computation while the latter is only related to sensor fusion. For the fuzzy estimator, the membership function as shown in Fig. 20 Although the experiments show that the resulting path for the direct path execution is smooth and contains relatively small errors in comparison with the complete navigation method, the WMR was observed to move irregularly (not smooth) in the road environment. The tracking errors for the complete navigation method are largely due to the delay in the computational time needed to execute the path planning, localization and control calculation. Therefore, it is preferable to use direct path planning if the emphasis is more on the quality of the tracked path whereas the complete navigation system is good option when the smoothness of robot movement is more desirable.
D. Comparison With Other Works
In this section, the proposed approach is compared with the navigation approach presented in [52] . As mentioned in Section I, the navigation approach in [52] is based on GPS signals and a map to recognize the roundabout and its dimension. Then an off-line navigation is used to navigate the vehicle from the entrance until exit of the roundabout using a Bezier curve generation algorithm. If we apply this approach to the roundabout as shown in Fig. 11 , we can get three scenarios as shown in Fig. 30 . Such navigation system depends totally on the GPS signals and map to determine the first point in the roundabout entrance and the last point in the exit and connect all these points together using Bezier point's algorithm.
The main drawback of the Bezier algorithm is its dependencies on the maps and GPS to determine the dimension of the roundabout which can cause the vehicle to crash with the roundabout border, a scenario as depicted in Fig. 30(a) . Other issues are related to non-updating information of the maps, missing GPS signals and non-registered roundabouts in Google maps that could make the off-line navigation potentially very dangerous. The proposed approach in this work could resolve such problems through on-line navigation on the roundabout setting. The comparison between the proposed navigation system and the one presented in [52] is illustrated in Fig. 31 . In the scenario presented using Bezier algorithm (in red), the path is 'crashing' at the entrance border.
Another comparison has been made between the proposed navigation algorithm using LS and 'bug' algorithm that is mainly used for local path planning as shown in Fig. 32 . Bug algorithm families are well known for obstacle detection based local path planning with less data acquired from the range sensors [66] . As a result, the path is determined by matching the current position with the edge of the nearest obstacle. Many types of bug algorithms are used with sensors to find the shortest path from start to goal positions such as: VisBug, DistBug, TangentBug and PointBug. In the PointBug algorithm, three points are used to generate the robot's path, namely, the current sudden point, sudden point on the obstacle edge and previous sudden point. A logical triangle is then formed between these three points to generate the path. The PointBug algorithm depends mainly on detecting the obstacle in front of the robot path and generate the path based on the obstacle borders. In this case, it detects the roundabout as obstacle and finds the path as red-circle points as shown in Fig. 32 . The path generated by point-bug is 'crushable' and it does not take into account the dimension of vehicle.
More comparisons between this work and other related works in roundabout navigation are illustrated in Table I , taking 
V. CONCLUSION
The paper has addressed the autonomous navigation of WMR in an open space area of the road roundabout as one of the first works of its kind in dealing with various scenarios like road following navigation task at the entrance and exit of the roundabout, robust detection of the roundabout with a capability to distinguish between the roundabout itself and other obstacles, path planning and localization of the WMR in the open space area of the roundabout and an on-line making decision process in order to choose the appropriate exit of the roundabout. A complete navigation system that can localize the WMR from start to goal positions is also proposed. The localization and control algorithms have been derived for a new WMR platform to navigate on a road roundabout environment. The LS and sensor fusion are used to generate the path of the robot and localize it within its terrain. The local maps are built using both camera and LRF to estimate the road border parameters. The algorithm of the path generation is derived within the local maps through calculating the heading angle of WMR that is used to move robot according to the correct path and has been implemented in both indoor and outdoor environments. Motion control using twin feedback loops based on RAC-AFC controller is used to track the planning path of the WMR during navigation while at the same time rejecting the disturbances. KF and RAC-AFC controller with sensor fusion cause the movement of WMR to be smooth but at the expense of the delay due to some numerical computations that result in obvious tracking errors. On the other hand, the direct path planning presents smooth path and avoids the delay in comparison to the complete navigation system, but it leads to some irregular WMR movements. In general, the results show the consequence of using the proposed localization algorithm to improve the path travelled by the WMR as well as the RAC-AFC controller giving the WMR the capability to track the planned path with relatively small tracking errors in the region of 10 -5 m. A novel path planning algorithm in the form of an LS approach has been developed and implemented with the sequence of developed images of the camera's local map to identify the road roundabout. In addition, localization and control algorithms are tested in two different environments, namely, the indoor and outdoor terrains. The latter represents realistic road scenarios with noisy measurements that affect the navigation path tracking, mainly due to the sensors' measurements that require the use of KF to remove the uncertainties. Future works may include the practical application of the proposed algorithm applied to the WMR to perform the on-the-road mark painting or other road's associated services with autonomously and robustly form.
